1. The injection of L-alanine (50-100mg/kg) into 35-day-old rats that had been starved for 48h increased blood L-alanine concentration to values observed in fed animals and lowered the blood concentration of 3-hydroxybutyrate within 2min. 2. This hypoketonaemic action of L-alanine was specific for 3-hydroxybutyrate, since the acetoacetate concentrations did not change significantly. 3. The decrease in 3-hydroxybutyrate elicited by L-alanine was not related to changes in the blood concentrations of insulin, glucagon, growth hormone, glucose, unesterified fatty acids, lactate or pyruvate. 4. The injection of L-alanine resulted in a decrease in total ketones that was apparently unrelated to their increased peripheral utilization. These results are interpreted as an anti-ketogenic action of L-alanine. 5. The data suggest that L-alanine lowers ketone-body formation in starved rats, possibly via an alteration in hepatic redox equilibrium.
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Ketone metabolism assumes significance during starvation, neonatal life and in clinical conditions associated with ketoacidosis (Williamson & Hems, 1970; Krebs, 1972; . The regulation of this metabolism is not completely understood. Several factors, such as the regulation in vivo of adipose-tissue lipolysis by hormones (Vaughan, 1961; Foster, 1967; Williamson, 1967; Miller & Allen, 1973; Yeh & Zee, 1976) or by ketone bodies (Madison et al., 1964; Senior & Loridan, 1968; Hellman et al., 1969; Balasse & Neef, 1975) , the generation of reducing equivalents in liver and their transport from mitochondria (Williamson, 1967; J. R. Williamson et al., 1969; Ontko, 1972) , as well as altered utilization of ketone bodies by peripheral tissues (Beatty et al., 1959; Winder et al., 1975) , have all been shown to participate in this process. Genuth (1973) and Genuth & Castro (1974) reported a decrease in the concentration of blood 3-hydroxybutyrate after the administration of L-alanine to starved, obese and diabetic humans. An age-dependent effect of alanine on blood concentrations of 3-hydroxybutyrate was observed in 10-21-day-old ketotic rats, but not in 2-day-old rat pups (Ozand et al., 1967b) . The hypoketonaemic effect of alanine appears to be physiologically relevant, since this amino acid plays a major role in gluconeogenesis (Felig et al., 1969 (Felig et al., , 1970 and may link these two processes. Alanine is one of several amino acids that are specifically released in substantial amounts from muscle (Ruderman & Lund, 1972; Ozand et al., 1973; Garber et al., 1976) . In addition, alanine promotes the release of hormones (Muller et al., 1971; Wise et al., 1972 Wise et al., , 1973a .
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The results of the present study suggest that during starvation, the blood concentrations of 3-hydroxybutyrate and the ratio of [3- 
Analyses
Glucose, lactate, pyruvate, alanine, acetoacetate and 3-hydroxybutyrate were analysed by a microautoanalytic procedure previously described (Ozand et al., 1976a) . L-Alanine was assayed by using alanine dehydrogenase in experiments involving dichloroacetate (Yoshida & Freese, 1970; Ozand et al., 1976a) . Unesterified fatty acids were measured colorimetrically (Lauwreys, 1969) . Rat insulin (Albano et al., 1972) , glucagon (Heding, 1971; Girard et al., 1972 Girard et al., , 1973 and growth hormone (Rieutort, 1970) were measured by published procedures. Results were expressed as the average of changes from Omin at indicated time intervals (Blackshear et al., 1974) +S.E.M. Student's t test was used to calculate statistical significance (White, 1951) .
Animals
Wistar rats (5-6 weeks old) of both sexes were used. The rate of diappearance of injected alanine at this age was much faster than at other ages. Hypoketonaemia after L-alanine injection was observed in older, starved rats; however, in these animals, the elevated blood concentrations of alanine persisted for a longer period (Ozand et al., 1976b and kept moist with 0.9% NaCI. Heparin (0.77mg in 0.1 ml of 0.9 % NaCI/100g body wt.) was injected into all the animals initially. Test solutions (pH7.4) were administered intravenously in 0.20ml of 0.9% NaCI/lOOg body wt., followed by a volume of 0.9 % NaCl equal to that displaced by the inserted catheter. The total duration of the injections was 1 min. At the indicated intervals, 50,pl of arterial blood was quickly withdrawn and mixed with 600,1l of 1M-HCl04 at 0°C. The supernatant fluids were removed and kept at -95°C until analysed (Ozand et al., 1976a) . Since the volume in the arterial catheter was approx. 20u1, this volume of blood was discarded before obtaining each experimental sample.
Results

Effects ofstarvation
The body weight of rats before starvation was 111.9± 1.9g (mean±s.E.M.), and 48h starvation decreased the weight to 88.6± 1.1 g (n = 137). The concentrations of blood ketones increased, whereas those of glucose, lactate, pyruvate and alanine decreased significantly (Table 1) .
Effects ofalanine injection
The injection of 50-200mg of L-alanine/kg body wt. resulted in a proportional increase in the concentration of blood L-alanine ( Fig. 1) . No significant change in concentration of L-alanine was observed after the injection of D-alanine. The injection of 50-200mg of L-alanine/kg, but not of D-alanine, resulted in a proportional decrease in the concentration of blood 3-hydroxybutyrate (Fig. 2 ). The maximum decrease (55-65 % of the initial value) in 3-hydroxybutyrate occurred 3-8 min later than the peak increment in L-alanine (Fig. 1) . The concentration of 3-hydroxybutyrate returned to initial values within 20min after the injection of 50-100mg of L-alanine/kg, but remained significantly lower 20min after injection of the 200mg/kg dose (Fig. 2) .
The concentrations of acetoacetate did not change after L-alanine injection ( Time after injection (min) 2). The decrease in this ratio was more prolonged after injection of 200mg of L-alanine/kg. The changes in blood [3-hydroxybutyrate] and the ratio of [3-hydroxybutyrate]/[acetoacetate] were inversely related to the changes in the concentration of blood alanine (Fig. 2) . The second injection of 100mg of L-alanine/kg at 15min led to a second decrease in blood 3-hydroxybutyrate and in the ratio of [3-hydroxybutyrate]/[acetoacetate]. These changes were more prolonged after the second injection of L-alanine (Fig. 3) .
The concentrations of blood glucose, unesterified fatty acids and lactate did not change significantly after injection of 100mg of L-alanine/kg, but a small significant increase was observed in blood pyruvate (Table 2 ). However, after the injection of 200mg of L-alanine/kg there were significant increments in blood lactate, pyruvate and glucose (Table 2) .
Ejfrects ofglucose, lactate andpyruvate administration
The injection of 100mg of L-lactate/kg resulted in a significant increase in blood lactate and pyruvate, and the peak values of both were equivalent to the concentrations for these intermediates in fed animals (Table 3) . However, no alterations in the concentration or ratio of ketones were observed after lactate injection (Table 3 ). In contrast, the injection of 100mg of pyruvate/kg resulted in significant increases in blood pyruvate, lactate and alanine, and this was accompanied by a significant decrease in Table 3) . The increments in blood L-alanine after pyruvate injection were similar to those observed when 50mg of Lalanine/kg was injected (Table 3 and Fig. 1 ). The resulting changes in blood ketones and their ratios were approximately the same as those observed after injection of 50mg of L-alanine/kg (Table 3 and Fig. 2 ). The concentration of blood pyruvate increased significantly after the injection of 100mg oflactate/kg. This had no effect on the hyperketonaemia. The injection of 100mg of glucose/kg increased the concentration of blood glucose immediately, and caused a small increase in the blood concentrations oflactate and L-alanine after 10-15min. No corresponding change in the concentration of ketones was observed (Table 3) . Effect ofalanine on hormones
The injection of 100mg of D-or L-alanine/kg did not change the concentration of circulating insulin or glucagon, but 200mg of L-alanine/kg caused a significant increase in blood insulin at 5min, and a significant decrease in growth hormone at 20min (Table 4) .
The administration of L-alanine has been shown to increase the secretion of glucagon and insulin (Muller et al., 1971; Wise et al., 1972 Wise et al., , 1973a Genuth & Castro, 1974) , and a hypoketonaemic effect of insulin has been documented (Foster, 1967) . To demonstrate that the hypoketonaemic action of L-alanine was not due to increased blood insulin, antiinsulin serum was given to the experimental animals before L-alanine. The dose was approx. 300-fold in excess of the endogenous insulin concentration (Fig.  4) , and gave rise to increasing ketonaemia. Since subsequent administration of 4pg of insulin/kg, which causes hyperketonaemia and hypoglycaemia in control rats had no such effect, it was clear that adequate anti-insulin serum was present to bind the available insulin (Fig. 4) . Nevertheless the subsequent injection of 100mg of L-alanine/kg caused a significant decrease in blood 3-hydroxybutyrate (500pM at 5 min; Fig. 2 ) and the ratio ofketones (Fig. 4) ; both changes were similar to those seen in the absence of anti-insulin serum. In the presence of anti-insulin serum, a significant increase in blood acetoacetate and glucose occurred after L-alanine administration (Fig. 4) .
Combined effects ofalanine and dichloroacetate
The injection of dichloroacetate to rats decreases the utilization of ketones and increases the utilization of glucose in peripheral tissues (McAllister et al., 1973; Blackshear et al., 1974; Whitehouse et al., 1974) . In the present study injection of dichloroacetate (300mg/kg) caused an increase in blood 3-hydroxybutyrate and acetoacetate (Fig. 5) significant decreases in blood 3-hydroxybutyrate and in the ratio of ketones (Fig. 5) . The magnitude of these changes was similar to those observed in the absence of dichloroacetate (Fig. 2) .
Discussion
During starvation in 5-6-week-old rats, when an enhanced rate of ketogenesis and gluconeogenesis is present, a hypoketonaemic action of L-alanine has been observed. An increase in blood [alanine] from 200 to 400pum was sufficient to produce a significant decrement in blood [3-hydroxybutyrate] within 2min ( Figs. 1 and 2) .
The hypoketonaemic action of L-alanine was not associated with changes in the concentrations of blood glucose, lactate or pyruvate (Tables 2 and 3 ). The hypoketonaemic changes after pyruvate injection were most likely related to associated changes The rats were treated as described in the Experimental section. Approx. 0.8 ml of blood was collected at zero time; a second sample of 0.8nml of blood was collected either 5 or 20min after the injection of alanine. Trasylol (400 units in 40u1) was added to blood samples placed in chilled tubes, and the mixtures were promptly centrifuged at 1200g at 4°C for 10min. The plasma was separated and stored frozen at -780C until assayed. Only two blood samples were obtained from each rat; the number of rats in each set (either 0 and 5min or 0 and 20min) was six. The means±s.E.M. of the initial values for hormones in 36 animals were: insulin 619 ± 98 pg/mI, glucagon 521 ± 30pg/ml and growth hormone 46.6+8.3ng/nil. The results represent the mean change±s.E.M. from zero time; *0.05<P<0.10; tO.05>P>0.02 when L-alanine (either 100mg or 200mg/kg) is compared with D-alanine.
Changes from zero time 9 -11.3+10.8 -27.3 ± 11.3* -6.3+ 6.6 -36.7 + 11.7t in blood alanine. No significant hyperglycaemia was observed after injection of 50 or 100mg of L-alanine/ kg, although a small increment in blood glucose occurred after the injection of 200mg/kg (Table 2) .
Although unesterified fatty acids and the rate of lipolysis in adipose tissues are clearly related to the regulation of ketogenesis, the influx of unesterified fatty acids is not solely responsible for the regulation of ketone-body synthesis (J. R. D. H. Williamson et al., 1969; Meier et al., 1972; Yeh & Zee, 1976) . In the present report, the injection of 100mg of L-alanine/kg did not alter the concentration of unesterified fatty acids, although 200mg/kg caused a small decrement after 20min (Table 2 ). This suggests that changes in concentration of unesterified fatty acids occur subsequent to the changes in 3-hydroxybutyrate.
An inverse relationship between the concentration of blood ketones and insulin has been demonstrated (Foster, 1967) . Insulin inhibits lipolysis, decreases fatty acid oxidation, gluconeogenesis and ketone formation (Vaughan, 1961; Foster, 1967; Miller & Allen, 1973) . The concentration of insulin required to decrease plasma ketones is lower than that required for increased glucose uptake and inhibition of lipolysis (Yeh & Zee, 1976) . The prior injection of anti-insulin serum completely inhibited the hypoketonaemic action of exogenous insulin, but did not prevent the hypoketonaemic effect of L-alanine injection (Fig. 4) . Therefore it is concluded that the hypoketonaemic action of injected L-alanine in vivo was not related to associated changes in the concentrations of blood insulin or glucagon. Genuth & Castro (1974) also suggested that alanine-induced hypoketonaemia was not associated with an increase in insulin release.
Ketone-body utilization by extrahepatic tissues might have been influenced by the administration of alanine. In the present study the prior injection of dichloroacetate did not prevent the hypoketonaemic action of administered L-alanine (Fig. 5 ). This result indicated that the hypoketonaemic action of alanine was probably not related to increased utilization of 3-hydroxybutyrate by peripheral tissues.
Our results establish a specific relationship between physiological concentrations of blood alanine and 3-hydroxybutyrate during starvation (Figs. 1 and 2) , and suggest that the duration and degree of ketonaemia is inversely related to the concentration of circulating alanine in these starved rats (Figs. 1-3) . The physiological importance of this finding is apparent, since the hypoketonaemic effect of alanine is observed for 3-hydroxybutyrate, the major ketone body present, during a physiological state when the alanine concentration is low and increased alanine release from muscle occurs Although no direct evidence has been provided in the present studies, ample evidence exists in the literature to support this working hypothesis. Alanine serves both as a gluconeogenic precursor (Aikawa et al., 1972; Snell & Walker, 1973) and stimulates gluconeogenesis in the rat (Friedrichs & Schoner, 1974) . The rate of gluconeogenesis is considered to be regulated in part by the availability of reducing equivalents in the cytosol (J. R. D. H. Williamson et al., 1969) . When alanine is the gluconeogenetic substrate, these reducing equivalents are generated in the mitochondria and transported to the cytoplasm indirectly by the malate-aspartate shuttle (Williamson, 1967 (Figs. 2 and 3) .
The acute decrease in ketone-body synthesis caused by injection of L-alanine (Figs. 2 and 3 ) and the subsequent decrease in unesterified fatty acids in blood suggests that alanine has multiple regulatory actions on ketogenesis. The participation ofendocrine mechanisms in this process must be included, since L-alanine injection caused an increase in blood concentrations of acetoacetate, if circulatory insulin was depleted by the prior injection of anti-insulin serum (Fig. 4) . 
